The binding capacity of penicillin G-sulfoxide towards the penicillin-binding proteins (PBP) of Staphylococcus aureus H was studied. The sulfoxide and its parent compound, penicillin G, differ only in two aspects, the sulfur-bound oxygen and an altered conformation of the five-membered thiazolidine-ring system. These minor alterations of the penicillin structure resulted in a drastical decrease of binding activity (about two orders of magnitude) of the sulfoxide derivative towards its target enzymes. Furthermore, the sulfoxide did not exhibit the selectivity of subinhibitory doses for PBP 3, as could be observed for penicillin G.
Introduction
It is now well known that an important prerequi- Based on their X-ray study on the conformation of Pen G and PSO mentioned above, the authors claimed that the low activity of the sulfoxide might to be due to a reduced binding capacity towards its target enzymes and/or missing capability of the drug to persist in the inactivated enzyme-drug complex, not as a consequence of a reduced chemical activity but caused by conformational factors.
We, therefore, compared the effects of various doses of both Pen G and PSO on growth, cell-wall synthesis, and wall composition, as well as PBP-saturation of Staphylococcus aureus. 
Materials and Methods

Chemicals
Bacterial strain and growth conditions
The organism used was the penicillin-sensitive and ß-lactamase-free Staphylococcus aureus H. It was grown either in PYK-broth (0.5% bacto-peptone, 0.5% yeast extract, 0.3% K 2 HP0 4 , supplemented with 0.2% glucose) or 2.5% bacto-peptone (pH 7.2) containing 0.5% NaCl.
To the pre-warmed medium a bacterial suspension of an overnight culture (5 x 10 9 cfu/ml) was added, to
give a concentration of about 1.5 x 10 8 cfu/ml. The bacteria were allowed to grow at 37 °C under vigorous shaking with aeration, until the selected optical density (A 578 ) was reached.
Preparation of membrane proteins
Bacteria were grown until late log-phase (yl 578 = 1.0), cooled down in an ice-bath and harvested by centrifugation (10 min, 4 °C, 12,000 xg) . The cells were resuspended in 50 mM Tris/HCl, pH 7.4, containing 1 mM PMSF, followed by a lysostaphin treatment with 100 mg-P 1 The competition test was performed by the incubation of a suspension with 130 pg total protein with the appropriate antibiotic amount at 37 °C for 15 min and subsequent labelling as described below.
Preparation of membrane proteins from antibiotic-treated staphylococci
Bacteria 04 578 = 0.5) were pipetted into centrifugation tubes containing the antibiotic solution; the amount needed for one PBP-assay was 2. 
Labelling and detection of PBPs
Uptake of cell wall marker
Growth was initiated with a (3% vol./vol.) inoculum from an overnight culture (5 x 10 9 cfu/ml).
Bacteria were grown to late log-phase (^578 = 
Preparation of labelled cell walls
Bacteria with an y4 578 of approx. 0. 
Fragmentation of the cell walls and chromatography
Results
In order to test the interaction of Pen G and PSO with the PBPs of S. aureus, proliferating bacteria were treated with various drug doses for 30 min. Determination of the amount of antibiotic bound at the different PBPs was accomplished by labelling the free binding sites with radioactive penicillin G, which was subsequently detected by fluorography of the electrophoresis gel as described in detail in Material and Methods. Fig. 1 shows the densitograms of the fluorograms obtained from bacteria pre-treated with penicillin G (Fig. 1 a) and with its corresponding sulfoxide (Fig. lb) . This kind of representation allows an easy quantitative comparison of the effects of the various doses on the binding of the drugs, since the peak areas for the PBPs directly represent the residual binding capacity of each PBP after pre-treatment with either Pen G or PSO. In Fig. lb the corresponding result for PSO 
Growth curves and uptake of cell wall label
The inhibitory effect of the two ß-lactams Pen G Fig. 3a) . c) Treated with 10" 4 M PSO. The result was essentially equivalent to that observed for high Pen G concentrations (Fig. 3b) . d) Treated with 10~8 M Pen G. The oligomer peak decreased in intensity and showed a distinct broadening towards smaller fragment sizes. The low molecular weight fragments (especially the monomer) were significantly increased. In contrast to the situation in Fig. 3e , significant changes as compared to the control (Fig. 3a) were observed, e) Treated with 10~6 M PSO. No significant differences to control cell walls could be detected.
PBP binding in our in vivo tests as in the in vitro
system. Secondly our results demonstrate that the very reason for the low activity of PSO was its low affinity to the PBPs of S. aureus H. This is shown by the fact that in all experiments an approximately 100-fold increase in concentration of PSO was needed to evoke qualitatively and quantitatively similar effects as observed for Pen G, in nice correlation to the corresponding MIC-values. This applies not only to the drug concentration needed to saturate the PBPs, but also to those required to impair i) growth, measured by optical density, ii) cell wall precursor uptake by the cells, and iii) chemical quality of the wall material as measured via cell wall fragmentation analysis and determination of the degree of cross-linking of the peptidoglycan. Obviously, these data strongly support the concept of diminished adaptability of the sulfoxide to interact properly with the PBPs, at least in the case of S. aureus H under the conditions applied. Furthermore, our data allow the tentative interpretation that the diminished interaction between PSO and PBPs should be due rather to a reduced binding capacity than to an enhanced turnover of the drug by the PBPs enzymatic activity. This can be deduced from the following observations: i) there was no detectable difference in the binding of PSO under in vivo and in vitro conditions, ii) if the isolated membranes from bacteria pretreated in vivo with high doses of PSO were allowed to stay for up to 30 min at 37 °C before postlabelling with radioactive penicillin G, the corresponding fluorograms were almost identical to those obtained without this time lag, only PBP 3 exerted some release of the bound drug (cf. Table I) .
Although in general all PBPs needed about a 100-fold increase in PSO concentration relative to Pen G for an equivalent saturation level, there was, interestingly, some difference in the relative affinity of both drugs versus the individual PBPs. While PSO was bound by all PBPs with more or less similar affinity, Pen G showed a preference for PBP 3. This led to the interesting effect that under subinhibitory doses (i.e. only partial binding to the PBPs) in the case of PSO (effecting the PBPs almost equally) no influence on the degree of cross-linking could be detected at all (cf. Fig. 3e) , while in the case of Pen G (binding especially to PBP 3), a small but significant decrease in cross-linking was observed (cf. Fig. 3d ). This could be interpreted in the way that PBP 3 possesses an important transpeptidase activity [21] , although it seems not to be an essential one, because even though the binding capacity of this protein at 10 -8 M Pen G was almost diminished, the bacteria were still able to grow. This is in accordance with the well known suggestion that another hmw PBP may fill the gap of an inactivated one (see e.g. [2, 22, 23]) . Indeed, recent findings with selectively acting ß-lactam antibiotics indicated that only the inhibition of two hmw PBPs was able to induce bacteriolysis [24] . In contrast to the non-essential role of PBP 1 stated so far [22] , it was found that the binding to PBP 1 was rather a prerequisite for the induction of lysis [24, 25] . This is reflected by the experiments discussed here: Either Pen G or PSO only induced bacteriolysis when PBP 1 plus at least one further hmw PBP was saturated.
In conclusion our data strongly suggest that the diminished biological activity of penicillin sulfoxides as compared to their parent compounds could be due to a drastically reduced binding affinity towards penicillin-binding proteins for conformational reasons. Of course, our results do not allow to differentiate between the relative contribution of the sulfoxide-oxygen atom and the thiazolidine ring puckering to this phenomenon. This goal could, however, possibly be achieved by similar tests as described in this paper using ß-lactam antibiotics with a 3-a-COOH-equatorial thiazolidine ring conformation but without a sulfoxide group. Such tests would be highly desirable since quite different hypotheses had been put forward from theoretical calculations and model-building studies, according to which the 3-a-COOH-equatorial ring puckering is either assumed to be a prerequisite for biological activity [24] or, directly opposed to that, a factor which abolishes this activity nearly completely [25] .
